Investigations were carried out to ensure the granulated blast furnace (GBF) slag as an alternative mould material in foundry industry by assessing the cast products structure property correlations. Sodium silicate-CO 2 process was adopted for preparing the moulds. Three types of moulds were made with slag, silica sand individually and combination of these two with 10% sodium silicate and 20 seconds CO 2 gassing time. A356 alloy castings were performed on these newly developed slag moulds. The cast products were investigated for its metallography and mechanical properties. Results reveal that cast products with good surface finish and without any defects were produced. Faster heat transfers in slag moulds enabled the cast products with fine and refined grain structured; and also lower Secondary Dendrite Arm Spacing (SDAS) values were observed than sand mould. Slag mould casting shows improved mechanical properties like hardness, compression, tensile and impact strength compared to sand mould castings. Two types of tensile fracture modes, namely cleavage pattern with flat surfaces representing Al−Si eutectic zone and the areas of broken Fe-rich intermetallic compounds which appear as flower-like morphology was observed in sand mould castings. In contrast, GBF slag mould castings exhibit majority in dimple fracture morphology with traces of cleavage fracture. Charpy impact fractured surfaces of sand mould castings shows both transgranular and intergranular fracture modes. Only intergranular fracture mode was noticed in both GBF slag and mixed mould castings.
Introduction
Silica sand is traditionally used in the foundry applications as a moulding material. Due to the depletion of natural materials, there is a need to find suitable alternative material, which will replace the conventional materials. The large scale industrialization has resulted accumulation of huge amount of industrial wastes, endangering the environment in terms of land, air and water pollution. In order to use the industrial waste in huge quantities efforts are being made to use the same as a substitute of natural resources. Various efforts have been made to use industrial solid wastes like fly ash, red mud, blast furnace slag etc. in civil and construction works. In view of the large quantity of granulated blast furnace (GBF) slag availability, having similar physical and chemical properties with silica sand and limited literature on GBF slag usage in foundry industry attempts are made to address the same. Present investigations were carried out to ensure the granulated blast furnace (GBF) slag as an alternative mould material in foundry industry by assessing the cast products structure property correlations.
Hence, investigation were performed on A356 (Al-7.5% Si) alloy castings in sand, GBF slag and combinations of these two moulds; and same castings were characterized for its microstructure and mechanical properties. Owing to the superiority, sodium silicate -CO 2 process was adopted for all the moulds preparation [1, 2] . The obtained results may be useful for ensuring GBF slag as an alternative mould material in non ferrous foundries.
Materials and methods
In the present investigation two types of materials namely high silica sand and granulated blast furnace (GBF) slag was chosen. Silica sand is the principle moulding sand used in foundry industries. It was procured from Chirala, Andhra Pradesh, India. Blast furnace slag in granulated form procured from Visakhapatnam Steel Plant, Visakhapatnam, India. Preheating of the silica sand and granulated blast furnace slag (GBF) particulates were carried out in a muffle furnace at 300 0 C for 3 hours to get rid of the any moisture presence in them. Investigations on their chemical, physical and moulding properties were reported in earlier works [3] .
Melting and casting practice
Al-Si alloy having a wide range of applications in the automotive and aerospace, also provides the most significant part of all shaped castings manufactured. Hence, melting and casting practice of A 356 (Al-7.5%Si) alloy castings was performed on these newly made GBF slag moulds. For this study three types of moulds were selected, namely; Type 1: 100% Silica sand; Type 2: 100% GBF slag; and Type 3: mixture of 50% GBF slag + 50% Sand. The optimum mould properties were obtained by addition of 10% sodium silicate along with a CO 2 gassing of 15-20 seconds duration [4] . This work is first of its kind; hence, only regular shaped cylindrical castings (18 X 180 mm diameter and length respectively) are aimed to cast. Cope and drag as well as split pattern was used for preparing the mould with mould cavity. A356 alloy ingots of 500 grams in weight was taken in a graphite crucible and melted separately in a calibrated high temperature melting furnace at 750 O C. The molten metal was allowed to fill in the mould cavities via sprue, runner and in gates; care was taken to ensure continuous and smooth flow of the liquid metal while filling in the mould cavities. Riser was placed in the mould to ensure complete mould cavity filling. After cooling the castings were withdrawn from mould boxes and same was undergone for further metallographic and mechanical properties evaluation. Figure 1 shows the finished A356 alloy cylindrical castings before and after machining. 
Metallographic evaluation -SEM-EDS analysis
Scanning Electron Microscope with Energy Dispersive spectrum analysis was carried out to assess the morphological changes and the elemental analysis on castings made through sand, slag and mixed moulds. The analysis was carried out using Scanning Electron Microscope (SEM) fitted with ED's spectrum (Model: JEOL-JSM-6480 LV). Secondary Dendrite Arm Spacing (SDAS) measurements were carried out on all the samples. Image J software was used to evaluate the same.
Mechanical properties evaluation

Hardness studies
Rockwell hardness tests were carried out on these cast samples to have comparative strength properties of the slag and sand castings. Standard testing procedure was followed by applying the minor load of 10 kgf; and major load of 100 kgf with HRB scale. The hardness survey was done across the longitudinal and transverse directions of the samples. Also hardness was measured at four different diagonals of the specimen and averaged. An average of eight readings was considered to report the respective hardness value.
Tensile testing
Tensile specimens were casted directly from respective slag, sand and combination of sand and slag moulds. Melting and casting procedure to make these tensile specimens was followed the same procedure as discussed in section 2.1. Figure 2 show the standard tensile test specimen and its experimental set up respectively. Tensile strength of materials under investigation was determined by using calibrated computer controlled servo hydraulic universal testing machine (model: Fuel Instruments and Engineers (FIE -UTE 100 with 1000 tons capacity). The test was conducted at a constant cross head speed of 0.5 mm/min. The testing procedure was followed as per ASTM E-8 standards. Online plotting of load versus extension has done continuously though a data acquisition system. Figure 3 shows the A356 alloy tensile specimens before and after testing of sand, slag and mixture of these two castings respectively. 
Compression testing
Standard cylindrical specimens with aspect ratio (H/D=1.0) of 16 mm length and 16 mm diameter were machined from the cylindrical finger castings of respective materials. Sample edges were chamfered to minimize the folding. Concentric grooves of 0.5 mm depth were made on both the end surfaces of the sample. These samples were compressed by placing between the flat platens at a constant cross head speed of 0.5 mm/min in dry condition, using a calibrated computer controlled servo hydraulic 1000T universal testing machine (Model: FIE-UTE). Cold work die steel dies (flat flattens) were machined to produce smooth finish to yield low friction. Figure 4 shows the cylindrical samples of A356 alloy before and after deformation respectively. Online plotting of load versus displacement has done continuously through a data acquisition system. 
Charpy Impact testing
Charpy impact tests were carried out on these cast samples to have comparative impact properties of the slag and sand castings. The V-notched impact test standard specimens with dimensions of 10 X 10 X 55 mm were made according to ASTM-A370. The test was conducted at room temperature and was repeated for three times of each material. An average of three readings was considered to report the respective impact value. The Charpy impact test machine (Model: R17 DT 63M4: Micro technology, Chennai, India) with calibrated was chosen for above test. Figure  5 shows the A356 alloy Charpy impact specimens before after testing. 
Results and discussion
A356 alloy laboratory castingsmould heat transfer rates
The cylindrical finger castings after cooling were examined and revealed that very less amount of mould ingredients were stick to the casting surfaces; further slag castings shows cleaned surface finish on par with sand castings. All the castings show good surface finish with no surface defects; it also reveals good dimensional accuracy. Before and after machined cylindrical castings shows no porosity or other surface defects presence in any of the either sand or slag mould castings.
Mould heat transfer rate plays a significant role in obtaining final microstructure and its corresponding mechanical properties of the castings [5] [6] [7] [8] [9] [10] [11] [12] . Studies were performed to evaluate the mould heat transfer rates of slag, sand and mixture of these two moulds. The same was measured by observing the mould temperature at three locations namely near the runner, riser and mid-way of the mould cavity with solidification times. This assessment was done separately for all the three types of moulds; the obtained results were shown in figure 6 (a-c). These figures reveal that initial solidification period (up to 30 minutes duration) increase in mould temperature was noticed then slowly lowering the mould temperature; the same trend was observed for all the three moulds. At any given freezing time GBF slag mould shows more mould temperature, then mixture of sand-slag mould and finally sand moulds. This was true for all the three locations namely runner, riser and mould mid way. From these results it can conclude that GBF slag moulds facilitate faster heat transfer rates than sand moulds; hence faster solidification rates of the castings. 7(a-c) . The fine and refined grain structure was obtained for GBF slag mould samples than sand mould, figure7 (b); this might be due to the faster solidification rates in these slag moulds. Microstructure of mixed mould casting shows in between the sand and slag castings. In general, the rate at which a casting cools affects its microstructure, quality and properties. The sand mould casting process cool slowly compare to either metallic or chromite sand moulds. This slow cooling increases the metal's grain size, creating a coarse microstructure; coarse grain structure weakens the casting [13] [14] [15] [16] . The same phenomenon was noticed in the present investigation. Conversely, the slag mould process are able to cool more quickly, resulting microstructure with small size grains.
(a) (b) (c) Fig. 7 . SEM micrographs of A356 alloy castings: (a) Silica sand mould (b) GBF Slag mould and (c) Mixture of 50% GBF slag and 50% Silica sand mould.
As cast microstructures were analyzed for its Secondary Dendrite Arm Spacing (SDAS) values by using Simagis microstructure image software. The linear line intercept method was used to measure the dendrite arm spacing with different orientations at different locations [17, 18] . Each micrograph was divided into three locations, namely location 1, 2 and 3. A line along the dendrite arm is drawn and the number of arms crossing this line was then counted. Figure 8 (a-c) shows the typical A356 alloy microstructures with line drawn for measurement of SDAS of silica sand, GBF Slag and mixture of these two moulds respectively. The results from SDAS measurements were shown in table 1; average SDAS values of silica sand, GBF Slag and mixture of these two moulds were 42μm, 31μm and 38μm respectively. GBF slag mould castings show lower SDAS values due to the fast mould cooling rates than either silica sand or mixed mould. Figure 9 (a-c) shows the hardness profiles of A356 alloy castings made by sand, GBF slag and mixture of slag and sand moulds respectively. The obtained hardness (HRB scale) values were similar to the available literature [19] . Consistent and uniform hardness was observed throughout the cross section of the sample; this was true for all the castings under investigation. However sand casting shows lower hardness compared to slag castings. Enhanced hardness in slag castings might be due to the presence of fine grained microstructure consists of α -Al dendrites and hard & brittle eutectic phase (α -Al+Si). In case of mixed mould castings hardness was in between the slag and sand mould castings. 
Hardness survey
Compression and tensile properties
Compression and tensile properties of A356 alloy made through sand, slag and mixture of these two moulds was studied. The obtained results were shown in figure 10 and 11 for compression and tensile properties respectively.
The load requirement increased with increase in deformation for the material under investigation. The slag mould castings show higher loads with slightly improved amount of deformation than the sand moulds. This might be due to slag moulds enable to have faster cooling rates and lead to a fine grain structure than castings made in sand moulds. Whereas mixed mould castings exhibit the properties in between sand and slag mould castings. Grain size has a significant effect on strength of the metals. As the grain size decreases the strength and ductility of metal increase, micro porosity in the casting decreases and the tendency for the casting to crack during solidification decreases. The strength of the materials is expected to increase by the presence of fine grain structure due to the strengthening effects occurred in combination of both grain boundary and strain hardening mechanisms [20] . Further SEM studies on tensile fractured specimens were evaluated and same shown in figure 12 (a-c) for sand, slag and combinations of these two moulds castings respectively. A 356 alloy casted in 100% sand mould shows two types of fracture characteristics, as shown in figure 12 (a) . The areas labeled as 'C' show a cleavage pattern with flat surfaces representing Al−Si eutectic zone. In these flat areas, the Si platelet might be torn off from the Al matrix, leaving a terrace with a smooth surface. These faces were more probably formed as a result of fracture of brittle Si phase crystals [21] . In the present investigation of sand mould castings, larger Secondary Dendrite Arm Spacing (SDAS) and elongated eutectic silicon particles were observed. Generally elongated eutectic silicon particles fracture more frequently than the spherical silicon particles since they are the main sources of stress concentration [22] . The micrograph ( figure 12 (a) ) also shows the areas of broken Fe-rich intermetallic compounds, labeled as 'B'. These areas appear as flower-like morphology with no evident cleavage faces. The existence of these areas might be due to severe breakup occurred at these intermetallic areas [23] . In general intermetallics have poor deformation properties; during crack propagation the stress field of the main crack broke the intermetallics only without destroying the boundaries among the intermetallic particles or the boundaries between the intermetallic phases and the Al−Si eutectic [24] .
In contrast, SEM micrographs of A356 alloy tensile fractured samples obtained by 100% GBF slag mould exhibit majority in dimple fracture morphology with traces of cleavage fracture. These dimples were deep and distributed uniformly, as shown in figure 12 (b). The smaller SDAS and finer eutectic silicon particles in this casted sample make the grain cell boundaries more discontinuous. Therefore, a stronger interaction between slip bands and plastic flow generates in the grain boundaries [25, 26] . The cracking of eutectic silicon particles takes place in the grain boundaries, and the final fracture path tends to pass through the eutectic phase along the grain boundaries of the α-Al primary phase. As a result, the fracture generates mostly by dimple rupture with cracked eutectic silicon particles, and exhibits an intergranular fracture mode, lead to the optimum mechanical properties [27] . In case of mixed mould cast product fracture behavior reveal the mixed quasi-cleavage type morphology. Here the dimples were flat and distributed non-uniformly, as shown in figure 12 (c). Figure 13 (a-c) shows the EDS of tensile fracture surfaces of A356 alloy made by various moulds of sand, GBF slag and mixture of sand and slag. It was clearly evident that presence of Fe-rich intermetallics in the alloy morphology. 
Charpy impact properties
In case of impact strength, GBF slag castings shows similar results with silica sand castings. The summary of the obtained A356 alloy mechanical properties for all the moulds under investigation was shown in table 2. SEM studies on charpy impact fractured specimens were evaluated and same shown in figure 14 (a-c) for sand, slag and combinations of these two moulds castings respectively. The 100% sand mould castings shows both transgranular and intergranular fracture modes, however majority of the areas shows transgranular fracture mode, as shown in figure 14(a) . The fracture profile follows a preferential path through the eutectic phase, and in many cases it also follows through a secondary dendrite arm. In general fracture development involves the cracking of Si particles. Once the particle cracks, a micro void is formed and tends to grow. This particle cracking process continues until a critical volume fraction of cracked particles is reached. Eventually, the alloy fails because of a rapid linking process among micro cracks. This linking process depends on the size of the Secondary Dendrite Arm Spacing (SDAS). When SDAS is large, this linkage is transgranular, whereas in small SDAS it becomes intergranular [28] [29] [30] [31] . In this present investigation larger SDAS values were observed for sand mould castings; hence majority of the transgranular fracture was noticed. However, smaller SDAS were reported in GBF slag and mixed mould castings, hence only intergranular fracture mode was noticed on these samples, as shown in figure 14 (b & c) . Figure 15 (a-c) shows EDS of intermetallic compounds on the impact fracture surface of A356 alloy made by various moulds of sand GBF slag and combinations of these two moulds respectively. 
Conclusions
1.
In slag moulds, while casting no burning, neither dripping nor collapse of the mould walls was observed. Also, cast products with good surface finish, no surface defects and without porosity were produced.
2.
Faster heat transfer in slag moulds enabled the cast products with fine and refined grain structured than sand mould; hence, lower Secondary Dendrite Arm Spacing (SDAS) values were reported in slag mould castings than sand.
3.
Consistent and uniform hardness was observed throughout the cross section of the samples. However sand mould casting shows lower hardness compared to slag castings. The slag mould castings show higher compression and tensile strengths with slightly improved amount of deformation than the sand moulds.
4.
Sand mould castings shows two types of fracture characteristics, namely cleavage pattern with flat surfaces representing Al−Si eutectic zone and the areas of broken Ferich intermetallic compounds with appear as flower-like morphology. In contrast, GBF slag mould castings exhibit majority in dimple fracture morphology with traces of cleavage fracture.
5.
Charpy impact fractured surfaces of sand mould castings shows both transgranular and intergranular fracture modes. Only intergranular fracture mode was noticed in both GBF slag and mixed mould castings.
6.
Based on these present investigations, GBF Slag can be used as alternative mould materials; and these moulds lead to produce castings with improved surface finish, enhanced metallurgical and mechanical properties while reduced operational costs.
